A discussion of an experimental procedure for determining the absorption spectra of low temperature solids by fhermooptical spectroscopy is presented. The method may be extended to the direct measurement in low temperature solids of radiationless relaxation dynamics. The development of a suitable detector utilizing thin ftis of semiconducting germanium in an amorphous state is discussed. Performance data for the detector are presented and the results of some measurements on crystalline samples of biacetyl and several inorganic semiconductors are illustrated and briefly discussed.
Introduction
Recently, there has been a revived interest in the technique of opto-acoustic spectroscopy. Opto-acoustic experiments were first performed by Robin [l] in the gas phase and later on solids by Harshbarger and Robin [2] and Rosencwaig [3] _ The techniques employed for both solids and gases are closely related and are derived from the original experiments by Alexander Graham Bell [4] performed in 1880. The technique has proved extremely useful in obtaining both qualitative and quantitative information concerning the absorption spectra of solids, liquids and gases which, for a variety of reasons, was not available from conventional absorption or emission spectroscopy. Additionally, gas phase opto-acoustic spectroscopy has provided detailed information concerning the relative rates of radiationless relaxation and certain photochemical processes which occur in the higher excited states ofmolecules [5] .
In opto-acoustic spectroscopy, heat produced by the radiationless relaxation processes which occur subsequent to electronic excitation of molecules in a gaseous sample or solid sample is detected as a pressure change in either the sample gas or a coupling gas, respectively. If the excitation intensity is modulated at * Part of this work was completed in the Department of Chemistry, University of Illinois at Chicago Circle.
acoustic frequencies, a microphone may be utilized as a convenient and sensitive pressure transducer_ The magnitude of the heating effect and its time response are then related to the microphone signal amplitude and phase shift relative to the modulating waveform [61- The magnitude of the heating effect is related to quantum yield via a particular set of radiationless relaxation pathways accessible at a particular excitation energy, while the phase shift is related to the "effective" relaxation rate via the particular set of pathways.
Recently, there has been some interest in translating the opto-acoustic experiment as performed in the vapor phase into a framework suitable for application in low temperature solid state spectroscopy [7, 8] . Our effort was motivated by several interests, principal among which were the desire to compare and contrast radiationless relaxation dynamics in solids with those in.the vapor phase and the anticipation of greater resolution afforded by solids at low temperatures.
Experimental
Our central task in the present work was the development of a thermal detector capable of measuring the extremely small temperature changes produced by raditionless relaxation and yet having a response time better than 100 kHz. Several types of detectors were investigated, among which the most extensively studied were superconducting metal films biased in the superconducting transition region 191, carbon film bolometers [IO] and narrow band gap semiconductor films [ 1 I]. The superconducting bolometer detectors were prepared from tin-lead ahoy evaporated films in order to broaden the superconducting transition region of the device. Sampies were either placed in direct contact with the detector surface or connected thermally via a saphire heat pipe. Although the sensitivity of the detector constructed in this manner is adequate for the measurement of the signal levels produced with only moderate irradiation levels, the dynamic range of the detector is extremely small due to the narrowness of the superconducting transition temperature region and the detector must be carefully biased in the middle ofthe operating range in order to function properly. &though this may be achieved with relative ease magnetically [ 121, the biasing requirement added considerably to the complexity of the experiment, and we sought a device which would provide comparable sensitivity without the necessity of magnetic of thermal biasing.
Detectors constructed using carbon ink [ 131, aglomerated [ 131 and evaporated [14] carbon and colloidal [ 151 graphite (aquadag) films proved to be considerably less sensitive than the superconducting detectors and, although the sensitivity may have been adequate for many of the experiments contemplated, the devices also proved to be excessively noisy electrically.
A suitable detector was fabricated from an amorphous semiconductor fh. The semiconductor fti is a partially disordered fikn approximately 1000 A thick of p-type germanium deposited by vacuum evaporation on a quartz substrate. When the substrate temperature is above approximately 500°C during the exaporation procedure, germanium fhs which are crystalline in nature and possess considerabIe long-range order are obtained [ 161. These ftis have both a lower specific resistance and a smaller temperature coefficient of resistance than the amorphous fhs which are obtained when the substrate temperature is mantained below 3OOOC during the evaporation 1171. The amorphous material has short range positional order over two or three lattice spacings, but long-range order is absent as shown by X-ray and electron diffraction studies [18] . The high intrinsic resistance of the amorphous material produced detectors with operating resistances on the order of 10 MS2 at 2 K, which resulted in electrical time constants too long for high frequency modulation. The purely crystalline material, on the other hand, produced with resistances on the order of 1 kQ at 2 K but with. L temperature coefficients of resistance approximately one order of magnitude smaller than the amorphous devices. Tbe desired sensitivity was obtained by initial deposition of an amorphous fti on a cold substrate and subsequent vacuum annealing to the desired degree of crystalhnity. The characteristics of the device are closely determined by the highest temperature attained during the annealing process [ 191. A diagramatic representation of the detector assem- bly is shown in fig. 1 . The germanium fJm is first deposited on quartz substrate and the desired electrical characteristics determined by the annealing program described above. Electrical contact is made via evaporated chrome-gold contact tabs. An insulating film of silicon monoxide is deposited ovkr the germanium and contact tab fis to prevent electrical contact with the aluminum mirror. The highly reflecting aluminum first surface mirror is used to minimize the direct heating of the germanium film by background radiation and appears to be about 96% effective in this regard. Detectors are deposited in closely spaced pairs with matched electrical characteristics for use in the compensated voltage divider circuit 1201 illustrated in fig_ 2.
Signal analysis
The absorption of radiation and its degradation to heat causes a power dissipation in the detector consisting of two parts: a constant background P" and an alternating signal component p,(t). In addition to the signal power, the electrical circuit dissipates a power P, in the detector so that the total power dissipated in the device is P" + P, f p,. If P" <P,, the detector cannot function in a useful manner and we are therefore interested in the analysis for the case where P" < Pe can be neglected. Letting C and G represent the heat capacity of the detector and the thermal conductance between the detector and the bath, respectively, the heat balance equation for the device may be written:
where ATis the temperature rise above ambient bath temperature (To). For the case of interest, the incident excitation is chopped at circular frequency o, so that we may write:
Since the resistance OF the detector is a rapidly varying function of temperature [16), the electrical power dissipated in the detector will vary wi'& signal powerp,(t). For the time dependent electrical power, we have that:
Since:
we may write,
where we have introduced the detector sensitivity, LY, defined as:
It is convenient to introduce at this point two additional detector parameters: the response time (rt,) and the responsivityq. These parameters are defmed by the following relations:
TD = 1 -aPe(RL -R)IG(RL -R) ' wDR,NRL + R) %= G -ccPe(RL -R)/(RL -I-R)
.
In the above relations To = C/G is the usual thermal time constant and eD is the voltage across the detector_ Eq.
(1) may now be rewritten in the following form with the aid of eq. (7):
The time dependence of the temperature fluctuation of the detector may be obtained by integration of eq. 
The quadrature component is a maximum when rDw = 1.
Eq. (10) illustrates several important po!nts regarding the operation of the detector. It is apparent that the detector may be operated in either a positive or negative feedback configuration by the proper choice of R,. Since (Y for a semiconductor is negative, setting RL CR corresponds to the positive feedback which wiU produce a correspondingly Larger AT. However, the response time will increase (7 > T ) and the stability of the detector will dimims -R.i&RL>R we obtain negative feedback and a smaller AT, but an irnproved response time (TD < rT) and greater stability.
The responsivity of the detector operated with R = R,_ has proved adequate for our experimentai measurements and under these operating conditions rD = 7T = C/c and%= cue&G.
Noise equivalent power
The major sources of noise in the detector are electrical Johnson noise (en,) and temperature noise (err=). The Johnson noise power which results from a finite electrical coupling between the amplifier circuit and the detector element may be estimated with the aid of eq. (8): Table 1 Typicaly operating chnracteristics of the germanium detector (11) where T and R are the operating temperature and resistance of the detector, respectively, and Af is the band width of the amplifier-detector system. The temperature noise power contribution results from a finite thermal coupling between the detector element and the bath through the thermal conductance G, and is given by:
The noise equivalent power of the detector may be estimated from eqs. (13) and (14) as:
The characteristics of a typical detector under two sets of operating conditions are given in 
Thermo-optical spectra
The magnitude of the thermal power dissipated in solid samples by optical excitation and subsequent radiationless relaxation may be easily estimated from the following equation for the steady state power dissipation in a sample under optical illumination:
Eq. (14) is appropriate for absorption of normally incident radiation by a parallel sided pIateIet. I'(V) is the ihumination intensity at frequency y, R(u) is the surface reflectivity, k(v) is the optical absorption constant, x is the sample thickness and Q(Y) is the thermal yield which is defined in terms of the photon quantum yield as:
v. is the mean frequency of emission. For small values of k(v), he power dissipation is simply:
We note from the form of eq. (16) that the signal developed in the theno-optical spectrum is directly proportional to the incident intensity. For large values of the sample absorption the power dissipation becomes:
Finally, for intermediate values of the absorption the thermo-optical spectrum is a comphcated function of sample and instrumental parameters. The performance of the detector is illustrated in fig.  3 which compares the output of a carbon black coated detector to that of a calibrated type G-3 Eppley thermopile over the wavelength range 2000 A to 7000 A. The illumination source was as 1kW xenon lamp. The calibration of the thermopile was checked using a chemical actinometer technique based on the photolysis of potassium ferrioxalate [24] and found to be accurate to within 22%.
Samples for thermo-optical spectra have been prepared by dissolving the material in a volatile solvent and evaporating a drop of the solution on the mirrored surface of the detector. In this manner we were able to produce a relatively uniform and adherent thin film of the sample in contact with the detector surface. It has also been possible to bond small single crystals directly to the detector using silicone oil.
We have recorded therrno-optical spectra by chopping the optical excitation at frequency o and monitoring the thermal yield in quadrature with the excitation waveform using phase sensitive detection. An experiment conducted in this fashion yields a flat baseline in regions of no sample absorption and is analogous to-an emission excitation experiment utilizing a phosphorescope.' In both experiments, the signal observed in regions of sample absorption is convoluted with the intensity distribution of the excitation source and, additionally, a fraction of the signal power is lost by utilizing quadra-H. Parker et a~./i%emIo-Ophka~ spectroscopy of low temperahue solids ture detection to eliminate background signals. Both of these difficulties may be overcome in a more elaborate thenno-optical experiment in which a beam @lit-ter is inserted in the excitation beam One half of the excitation intensity is allowed to fall on a co-evaporated reference detector coated with carbon bIack and the other half on the "sample" detector. 'The ttitaI incident intensity is again chopped and the demodulated in-phase signal from the "sampIe" detector is divided by the demodulated in-phase output from the reference detector. The normalization may be accomplished with either an analog divider circuit or digitally. Presently, we are ernpIoying a calculator interface to normalize digitally in real time.
Results and discussion
For our initial experiments biacetyl was used since vapor phase data from opto-acoustic experiments have been published by Kaya et al. [S] _ The photophysics of the lower energy excited states of biacetyl vapor may be summarized as follows 125-271. Excitation into the lowest singlet state (Sl) below about 4430 a is followed by prompt intersystem crossing and relaxation to the lowest triplet (T1) at about 5000 A. Relaxation of T, to S, is relatively sIow (ca. 1 ms). At wavelengths shorter than 4430 A excitation may occur into T2 which relaxes rapidly to So due to a relatively large direct spin orbit matrix element between these states. Excitation into S, (2700 a) is followed by rapid photochemical decomposition.
The phosphorescence excitation spectrum of purified biacetyl and thermo-optical spectrum monitored in-quadrature with the excitation are displayed together in fig. 4 . The very weak brand in the thermal excitation spectrum of biacetyl at about 4900 a is due to direct heating by triplet absorption_ These features are evidently not observed in the vapor phase optoacoustic spectra.
The thermo-optical spectrum shown in the center trace was obtained at a chopping frequency of 100 Hz. Major differences between the thenno-optical and optical excitation spectra of biacetyl occur when excitation at a particular wavelength produces an electronic or vibronic state which does not relax exclusively via the lowest triplet state of biacety1. Therefore, if the fhemo-optical and optical excitation spectra are in one-to-one correspondence we may conclude that essentially all optical excitations of the molecule relax via the lowest triplet state. Lack of direct correspondence between the spectra suggests the presence of radiationless pathways for electronic relaxation which do not involve the lowest triplet state of the moIecuIe. For the most part the then-no-optical and optical excitation spectra of biacetyl are in direct correspondence indicating that essentially all relaxation pathways in crystalline biacetyl at cryogenic temperatures are via the lowest triplet state. The slight enhancement of the thermo-opticaI signal relative to the phosphorescenceexcitation intensity which is apparent to shorter wavelengths of about 4200 A may result from TZ excitation foollowed by rapid radiationless decay to So [S] . The major deviation from direct correspondence evident in our data occurs in the region about 3 100 A. tf the up permost and center spectra of fig. 4 are compared, an enhancement of the thermo-optical signal relative to the opticai excitation signal is apparent at 3100 W.
The phosphorescence lifetime of crystalline biacetyl at liquid helium temperature is reported to be 2.5 ms [27] . 'lhe response time of the detector is, therefore, several orders of magnitude faster than the triplet decay time, and the thermal time constant in eq. (10) may be replaced by the triplet lifetime. By increasing the modulation frequency of the excitation source to 1 kHz it is possible to attenuate the signal derived from heating due to triplet non-radiative relaxation processes. From eq. (10) with the thermal time constant replaced by the triplet lifetime of biacetyl, the signal from the non-radiative relaxation of the triplet state of biacetyl should be reduced by a factor of about twenty five when the chopping frequency is raised from 100 Hz to 1 kHz. When this is done, the thermo-optical spectrum shown in the lower most trace of fig. 4 is obtained indicating the excitation in a rather narrow spectral region about 3 100 A produces a fast radiationless relaxation process probably associated with S, excitation and subsequent rapid photo-chemical decomposition.
Our experimental results are in qualitative agreement with those obtained by Kaya et al. [5] from vapor phase opto-acoustic spectral measurements. in view of the substantial differences in radiationless relaxation processes in vapor and condensed phases, the general overti agreement Setween the two setsof data was somewhat unanticipated.
We have also recorded the thermo-optical spectra of several materials whose absorption spectra are not directly available. In fig. S we iilustrate the thermo-optical spectra of several semiconductors in the region of their band gaps. These materials were obtained as fme powders to which we added a small amount of mineral oil to serve aa a binding agent. The surface of the detector was then painted with a thin coating of the material and the then-no-optical spectrum recorded in quadrature with the excitation illumination. These spectra may be compared with several of those obtained by Rosencwaig [3 ] using the opto-acoustic technique 0n room temperature samples. Many of the details of.the spectra of these materials which could be observed at low temperatures in high res0lution spectra are obscured by the wide excitation slits used to obtain the spectra. The use of tunable laser excitation with theno-optical detection at liquid helium temperatures, however, will certainIy provide considerable enhancement of the details of the structures in these spectra and that ofsimilarmateri&. These experiment are currently in progress.
Conclusion
The principal advantage of this technique involves measurements of the optical absorption spectra of thin fiis on surfaces and polycrystaIline materials. The low temperatures empl0yed provide excellent resolution of the spectral features and the nature of the detector is such as to provide extremely good signal to noise with only moderate precautions. It has been our observation that the source or detector noise is below the preamplifier noise for the lowest noise preamplifiers commercially available. The technique is quite sensitive and easily measures absorption in thin films of materials on the order of 1000 a in thickness.
A second distinguishing characteristic of the therm0 optical method is its ability to detect and measure very weak absorption bands such as those arising from spin and/or symmetry forbidden transitions or trace impurities. Excitation experiments, in general, have an advantage over absorption experiments in this regard due to the fact that the signal/noise ratio may be improved by simply increasing the intensity of the excitation source. The intensity avaiIable from narrow baud tunable lasers makes the excitation experiment particularly attractive in this regard.
